Inactivation of the Adenomatous polyposis coli (APC) gene is an initiating and the most relevant event in most sporadic cases of colorectal cancer, providing a rationale for using Apc-mutant mice as the disease model. Whereas carcinogenesis has been observed only at the organism level, the recent development of the organoid culture technique has enabled long-term propagation of intestinal stem cells in a physiological setting, raising the possibility that organoids could serve as an alternative platform for modeling colon carcinogenesis. Indeed, it is demonstrated in the present study that lentivirus-based RNAi-mediated knockdown of Apc in intestinal organoids gave rise to subcutaneous tumors upon inoculation in immunodeficient mice.
| INTRODUC TI ON
Carcinoma arises from epithelial cells through accumulation of genetic aberrations 1, 2 and the tissue-specific microenvironment could further promote this process. More than 3 decades ago, rats served as a major animal model of human carcinogenesis, particularly for those types of carcinogenesis induced by chemical carcinogens. 3, 4 For example, 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP), a food-borne carcinogen in well-cooked meat, induced tumor development in colon, prostate and mammary glands in rats, 5 which was significantly promoted by a high-fat diet, 6 while it preferentially induced lymphoma in mice. 7 Considering the sharp increase in deaths from these types of cancers, coinciding with the Westernization of diet in Japan, 8 PhIP-induced carcinogenesis models in rats, indeed, phenocopied many aspects of the pathogenesis of the human disease.
Ever since genetically engineered mice (GEM) became available as a result of gene-targeting technology, 9,10 mice have been the gold standard in modeling cancer. GEM with conditional alleles could also be generated by using the Cre-loxP system to achieve recombination in a tempo-spatially controlled manner, 11 paving the way for organ-specific or adult-onset carcinogenesis studies. 12 Despite these benefits, critical drawbacks of GEM might include that its generation could take a long time and be laborious. This is particularly true if conditional gene targeting and multiple intercrossing are required. In addition, modifier genes could become problematic when intercrossing between different strains. Indeed, cooperation
between Apc inactivation and Trp53 loss towards intestinal tumorigenesis became evident only in the C57BL/6J background after backcrossing for many generations. 13, 14 Matrigel-based organoid culture has recently emerged as a technique that essentially recapitulates tissue homeostasis in vitro exclusively with epithelial cells. 15 It is likely that laminin, abundantly contained in Matrigel, 16 
| CONVENTIONAL MOUS E MODEL S FOR INTE S TINAL TUMOR DE VELOPMENT
In human colorectal cancer (CRC), mutations in the Adenomatous polyposis coli (APC) gene and the CTNNB1 gene encoding β-catenin are found in > 80% and about 10%, respectively. 19 Both mutations result in nuclear accumulation of β-catenin, which cooperates with TCF4 to establish constitutive transcriptional activation of the Wnt pathway. 20 Reflecting its critical role in tumor initiation, mouse models for intestinal carcinogenesis are based on the genetic aberrations in either gene. 21, 22 For any candidate gene related to CRC, GEM are usually generated first and intercrossed with these models to evaluate the impact on tumor progression 23, 24 by examining the changes in the incidence, size, multiplicity and histology of the tumors ( Figure 1A ).
The APC gene is typically inactivated by truncating mutations. 25 Apc Min/+ mice carrying the truncated allele were generated through N-ethyl-N-nitrosourea (ENU)-based mutagenesis. 
| AN ORG ANOID -BA S ED C ARCINOG ENE S IS MODEL FOR MURINE INTE S TINE
The NIH3T3-based transformation assay in nude mice ( Figure 1B ) has contributed to the validation of oncogenic potential of many genes. 37, 38 Given the development of the organoid culture for murine small intestinal cells, 15 we reasoned that similar approaches with epithelial cells might become fea- 
| Re-defining organoid-derived tumors in the subcutis of nude mice
As readouts for the tumorigenicity in mice models, it is common to take the incidence, multiplicity, size and histology of the tumors into account. 42 To evaluate the results from organoid-derived carcinogenesis models, however, it was necessary to newly determine cri- 
| Matrigel plug
Unless Apc is silenced in inoculated organoids, no nodule can be detected, yet flat white semi-transparent materials occasionally remained in the injection sites. Microscopically, no epithelial cells were observed, while fibroblasts, immune cells or calcified remains of organoids could be detected. These materials without viable epithelial glands are defined as Matrigel plugs. Organoids expressing Kras G12D can be generated by delivery of Cre into organoids from conditional knock-in mice heterozygous for the LSL-KrasG12D allele. 44 Upon inoculation, a few enlarged glands could be transiently formed in non-tumorous nodules, but eventually 
| Non-tumorous nodule
F I G U R E 1
| Solid tumor
A solid tumor is defined as a palpable round-shaped nodule. It typi- with earlier in vivo studies. 14, 52 Interestingly, shApc-driven tumors contained prominent mucus pools in the stroma, due to the intratumoral disruption of glands. Similarly, simultaneous augmentation of proliferation and apoptosis has been observed upon acute inactivation of Apc in the murine intestine. 53 As it proved to be mediated by the major Wnt-target gene myc, 54 these observations might be a reflection of myc's dual roles.
| Large solid tumor with cysts

LSL-KrasG12D organoids co-infected with lentiviruses encoding
Cre and shApc rapidly gave rise to significantly large tumors with both cystic and solid components, consistent with a strong synergy between Kras mutation and Apc inactivation in vivo. 45 
| OTHER ORG ANOID -BA S ED C ARCINOG ENE S IS MODEL S FOR THE INTE S TINE AND COLON
Following our previous study, 17 several studies reported modeling colon carcinogenesis with similar approaches. [56] [57] [58] [59] [60] Although based on analogous concepts, they varied in many respects, including the methods for cell culture, genetic engineering and inoculation, as well as which organs or species were used. These studies are listed in Table 1 .
| Liquid-air interface culture-based heterotopic carcinogenesis in nude mice
Minced tissue fragments were embedded in collagen gel, set in a culture insert, and exposed to serum-containing media on the bottom and to free air on the top. 61 This setting, referred to as liquid-air interface culture, enables the generation of gradients in concentration of nutrients and oxygen, regenerating tissue structure in a con- 
| CON CLUS ION
Each organoid-based colon carcinogenesis model overviewed herein has unique features. Accordingly, researchers will want to select the right model for their research, depending on the aim of their study, as well as taking into consideration that the time and cost that can be afforded. For example, models with murine colon organoids largely depend on the use of GEM with multiple mutations and place more emphasis on generating tumors or phenomena in the advanced stages. 57, 58, 60 Although multiple intercrossing is required, these models might be most suitable for studies on tumor progression and metastasis and for preclinical trials. However, models with murine small intestinal organoids could detect genetic cooperation towards tumorigenesis with the highest sensitivity as preneoplastic lesions or tumors. Hence, validation of candidate genes, whether identified by a murine forward genetic screen 63 or in human CRC samples, 19 is warranted.
Whereas organoids from inbred young laboratory mice of the C57BL/6 strain might be regarded as "clean" in terms of the homogenous nature of genomes and epigenomes, human organoids may not be ideal in this regard because they might harbor genetic polymorphisms and accumulate mutations from environmental carcinogens and aging. Nonetheless, it is noteworthy that they for the first time enabled human models of carcinogenesis, which will provide valuable information not only for basic science but also for future practice of personalized medicine.
Taken together, organoid-based carcinogenesis models are promising tools in cancer research, which would likely substitute and complement in vivo mouse models to various degrees. Therefore, efforts toward establishing similar models for other types of cancer driven by different genetic aberrations are warranted.
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